Abstract. Approximately 42% of patients with sepsis undergo acute kidney injury (AKI), which evidently influences patient survival. However, effective therapy strategies are lacking, thus, the present study investigated the protective effects of dexmedetomidine (DEX), a highly selective α-2 adrenoceptor agonist, in rat sepsis models. Rat sepsis models were generated through lipopolysaccharide injection (LPS; 5 mg/kg) in the tail vein. Rats were pretreated with DEX (10 µg/kg) 10 min before LPS injection to observe its protective effects. Of note, a unique α-2-adrenergic receptor antagonist, yohimbine (YOH; 1 mg/kg, intraperitoneally), was also used to antagonize the protective effects of DEX 30 min before DEX exposure. Thirty-two male Sprague Dawley rats were randomly divided into the Sham, LPS, DEX + LPS and YOH + DEX + LPS groups (n=8/group). All the rats were sacrificed 4 h later to observe the pathological changes of renal tissue, including plasma creatinine (Cr), blood urea nitrogen (BUN), kidney injury molecule-1 (KIM-1) and high mobility group protein 1 (HMGB-1) expression. Interleukin 6 (IL-6), IL-18 and tumor necrosis factor α (TNF-α) were all determined to examine the mechanisms of LPS-induced AKI relative to inflammatory reaction. The results indicated that AKI induced by LPS was serious. Renal pathological injury, plasma Cr, BUN, IL-6, IL-18 and TNF-α were all evidently increased in varying degrees. KIM-1 and HMGB-1 expression was upregulated in the LPS group (P<0.05 vs. Sham group). However, when rats were pretreated with DEX, AKI induced by LPS was decreased significantly. Renal pathological injury, plasma Cr, BUN, IL-6, IL-18, TNF-α, and KIM-1 and HMGB-1 expression were all reduced (P<0.05 vs. LPS group). In addition, exposure of the α-2-adrenergic receptor antagonist, YOH, eliminated this reduction. In conclusion, DEX protected against sepsis-induced AKI through depressing the inflammatory reaction, mechanisms of which may be associated with α-2 receptors inhibition.
Introduction
Sepsis, also called septicemia, is a serious complication of patients undergoing pathogen infection, trauma, burn, hypoxia, reperfusion injury and surgery, which could affect myocardial contractility, decreased organ oxygen uptake capacity, and can lead to septic shock and multiple organ dysfunction syndrome. This state is called systemic inflammatory response syndrome (1, 2) . The incidence of sepsis is extremely high in the intensive care unit (ICU), with a mortality of ≤40-80%. As reported, the kidney is one of the most susceptible target organs of sepsis (3) . Approximately 50% of patients suffer from acute kidney injury (AKI) caused by sepsis. Notably, mortality of these patients is as high as 70% (4, 5) . However, the mechanisms of sepsis-induced AKI remain unclear and effective therapy strategies are also lacking.
Inflammatory factors, such as interleukin 6 (IL-6), IL-18 and tumor necrosis factor α (TNF-α), play an important role in the pathological and physiological process, particularly IL-18. As recently reported, IL-18 was a sensitive and specific biomarker of the AKI diagnosis and predicted mortality of patients (6) . From other aspects, IL-18 induced expression of TNF-α and IL-6 and made the inflammatory reaction more serious, which contributed to organ injuries (7) . Thus, modulation of the inflammatory reaction in sepsis is extremely important to protect against organ injuries, including kidneys.
As a commonly used anesthetic, dexmedetomidine (DEX) is widely used in the ICU and the surgical room. DEX is a highly selective α-2 adrenoceptor agonist and inhibits sympathetic activity effectively (8, 9) . In recent years, increasing basic and clinical studies have proved that DEX protected against different types of organs. Duan et al (10) reported that DEX was not neurotoxic and attenuated neuroapoptosis; other studies indicated that DEX application following cardiac surgery was associated with a lower incidence of atrial arrhythmias (11); Dexmedetomidine protects against acute kidney injury through downregulating inflammatory reactions in endotoxemia rats (12, 13) . However, mechanisms of the DEX protective effects are unclear, particularly for renal protection. Thus, the purpose of the present study was to explore the protective effects of DEX on the renal tissue of rats in lipopolysaccharide (LPS)-induced AKI models and its relative mechanisms mediated by α-2 adrenoceptor activities.
Materials and methods
Animals and treatment. All the experiments followed the National Institutes of Health criteria for the care and use of laboratory animals. The study was also approved by the Laboratory Animal Care Committee of Sun Yat-sen University (Guangzhou, China). Male Sprague Dawley rats (180-220 g) were purchased from the Laboratory Animal Center of Sun Yat-sen University and randomly divided into four groups: Sham, LPS, DEX + LPS and yohimbine (YOH) + DEX + LPS. Every group contained 8 samples. Rats were fasted for 12 hours, but not forbidden to drink. The rat sepsis models were generated through LPS injection (5 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) in the tail vein (14) . Rats were pretreated with DEX (10 µg/kg; Jiangsu Hengrui Medicine Co., Ltd., Lianyungang, Jiangsu, China) 10 min before LPS injection (15) . A unique α-2-adrenergic receptor antagonist, YOH (1 mg/kg; Sigma Aldrich), was injected intraperitoneally 30 min before DEX exposure (16) . All the rats were sacrificed 4 h later. Blood samples were obtained from the abdominal artery to measure creatinine (Cr) and blood urea nitrogen (BUN); IL-6, IL-18 and TNF-α. The left kidney was removed, fixed in 10% formalin for tissue pathological analysis, and the right was used to detect the expression of kidney injury molecule-1 (KIM-1) and high mobility group protein 1 (HMGB-1).
Assessment of kidney damage. Cr and BUN were measured in blood samples with an automatic biochemistry analyzer (Hitachi 7600-020/7170A; Hitachi High-Technologies Corp., Tokyo, Japan). Kidney specimens were fixed in 10% buffered formalin, embedded in paraffin and processed for hematoxylin and eosin staining (Nanjing Keygen Biotech Co., Ltd., Nanjing, Jiangsu, China) for morphological examination. Each microsection was counted in five randomly selected areas/slide at magnification, x400. The renal injury quantification method was performed using a 0-3 grading system, as described by Hamar et al (17) .
Measurement of plasma IL-6, IL-18 and TNF-α.
Blood samples were collected in heparinized tubes and centrifuged at 2,500 x g for 15 min. Plasma was stored at -80˚C. Serum IL-6, IL-18 and TNF-α were measured by ELISA kits according to the manufacturer's instructions (IL-6, IL-18 and TNF-α assay kits; all purchased from Nanjing Keygen Biotech. Co., Ltd).
Western blot analysis of KIM-1 and HMGB-1.
Western blot analysis was used to calculate the protein expression following the renal tissue protein extraction. The sample was solubilized in sodium dodecyl sulfate (SDS) loading buffer (Bio-Rad, Hercules, CA, USA) by boiling. The samples were loaded onto a 10% polyacrylamide gel (Invitrogen Life Technologies, Carlsbad, CA, USA) and SDS-PAGE (Bio-Rad) was conducted. The samples were subsequently transferred to a polyvinylidene difluoride (Bio-Rad) membrane. Membranes were further incubated overnight at 4˚C with specific antibodies against KIM-1 (cat. no. sc-47495, 1:2,000 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and HMGB-1 (cat. no. sc-26351, 1:2,000 dilution; Santa Cruz Biotechnology, Inc.). All the blots were subsequently washed and incubated with respective horseradish peroxidase-coupled secondary antibodies (cat. no. sc-2020, 1:1,500 dilution; Santa Cruz Biotechnology, Inc.) at room temperature for one hour. The protein bands were detected by an enhanced chemiluminescent detective system (Amersham Biosciences UK Ltd., Little Chalfont, UK) and were quantified using the Quantity One software package (Bio-Rad). GAPDH (1:2,000 dilution; Thermo Fisher Scientific Inc., Fremont, CA, USA) was presented as the internal control to calculate the ratio of optical density, and values were compared with those of the Sham groups.
Statistical analysis. All the data were analyzed using SPSS software, version 12.0 (SPSS, Inc., Chicago, IL, USA). The differences between groups were analyzed using one-way analysis of variance, followed by Tukey post hoc comparisons. A two-tailed P<0.05 was considered to indicate a statistically significant difference.
Results

DEX decreases BUN and Cr levels in LPS-induced AKI and YOH reverses the protective effect of DEX.
In order to explore the protective effect of DEX on AKI in sepsis, rat sepsis models were established with LPS injection in the tail vein.
The results in Fig. 1 showed that serum Cr and BUN levels evidently increased, nearly two-fold compared to the Sham group, which illustrated that the kidney was damaged severely. When rats were pretreated with DEX, levels of serum Cr and BUN were reduced; however, this protective effect of DEX was reversed by the α-2-adrenergic receptor antagonist, YOH. When α-2 adrenoceptor was antagonized by YOH, the protective effect of DEX was diminished.
DEX ameliorates the pathological damage of kidneys in LPS-induced AKI and YOH reverses the protective effect of DEX.
In order to further confirm the protective effect of DEX, the change of renal pathological morphology was analyzed in the rat sepsis models according to the Hamar score method (17) . The results in Fig. 2 indicated that in the Sham group, normal kidney tissues were without lumen expansion and epithelial cell flattening in the glomerular and renal tubule; however, when rats were exposed to LPS, kidney pathological damage was clear: Renal tubular epithelial cell degeneration, renal tubular cavity expansion and tube formation and renal interstitial inflammatory cell infiltration are all serious. DEX application protected against LPS-induced renal damage, which was reversed by YOH. Rat pathological injury was coincidental with the levels of serum Cr and BUN in Fig. 1 . The results in Figs. 1 and 2 indicated that the protective effect of DEX was relative with its function of activating α-2 adrenoceptor and inhibiting sympathetic activity.
DEX downregulates KIM-1 and HMGB-1 expression of kidneys in LPS-induced AKI and YOH reverses this type of effect of DEX.
To more specifically establish the protective role of DEX in LPS-induced AKI, KIM-1 and HMGB-1 expression, as two types of more specific and sensitive biomarker for the diagnosis of early damage of kidneys, were determined in Fig. 3 . When rats were pretreated with LPS, KIM-1 and HMGB-1 expression evidently increased indicating that kidney damage was significant. DEX application ameliorated KIM-1 and HMGB-1 expression increasing in kidneys of LPS-exposure rats.
Similarly, YOH counteracted the protective effects of DEX.
DEX ameliorates the inflammatory reaction of kidneys in LPS-induced AKI and YOH reverses the protection effects of DEX.
To the best of our knowledge, AKI caused by sepsis was always associated with inflammatory reactions (18, 19) . Thus, in order to explore the protective mechanisms of DEX for AKI, representative inflammatory factors, such as IL-6, IL-18 and TNF-α were detected. Fig. 4 demonstrates that IL-6, IL-18 and TNF-α were all significantly increased in the LPS group and DEX pretreatment downregulated the increase of these three types of inflammatory factors. Similarly, YOH application reversed this type of DEX effect. These results suggested that the protective function of DEX was associated with its anti-inflammatory effects through activating the α-2 adrenoceptor. Figure 1 . Lipopolysaccharide (LPS)-induces damage to the renal function, which was followed by treatment with dexmedetomidine (DEX) and yohimbine (YOH) in the rats. The levels of (A) creatinine (Cr) and (B) blood urea nitrogen (BUN) when rats were exposed to LPS, DEX or YOH. LPS was injected (5 mg/kg) in the tail vein to generate the rat sepsis models. DEX (10 µg/kg) was pretreated 10 min before LPS injection. Lipopolysaccharide (LPS)-induces damage to the renal tissue, which was followed by treatment with dexmedetomidine (DEX) and yohimbine (YOH) in the rats. Histopathological changes in the kidney tissue (hematoxylin and eosin staining; original magnification, x200). LPS was injected (5 mg/kg) in the tail vein to generate the rat sepsis models. DEX (10 µg/kg) was pretreated 10 min before LPS injection. YOH (1 mg/kg) was injected intraperitoneally 30 min before DEX exposure. Arrow: Dilatant renal tubules and renal interstitial infiltration of the inflammatory cells.
A B Discussion
Patients with sepsis undergoing AKI is extremely common in clinical practice, particularly in ICU, which influences patient survival. Approximately 80% of acute renal failure is caused by renal tubular injury (20, 21) . The pathophysiological process of AKI induced by sepsis is extremely complex and severely affects patient survival. To the best of our knowledge, numerous different types of mechanisms were associated with this complication. Renal ischemia-reperfusion injury, inflammatory reaction, oxidative stress injury, nitric oxide release, cell apoptosis, endothelial dysfunction and the direct injury of endotoxin all participated in this process (19, (22) (23) (24) (25) (26) . However, mechanisms of sepsis-induced AKI remain unclear and effective therapies are lacking. Rat sepsis models with LPS injection from tail vein were used to explore the protective effects of DEX against AKI. The analysis of the experimental results found that pretreatment with DEX ameliorated AKI, including renal function, pathological damage and two types of specific and sensitive biomarkers for the diagnosis of early kidney damage: KIM-1 and HMGB-1 expression. However, all the protective effects could be reversed by the α-2-adrenergic receptor antagonist, YOH. It is suggested that the protective effect of DEX was associated with its function of activating α-2 adrenoceptor. Of note, the inflammatory factor increase in the LPS group could be diminished by YOH application. All the results indicated that DEX ameliorated AKI through decreasing α-2-adrenergic receptor-mediated inflammatory reaction. Thus, DEX application in clinical practice may be a totally new therapy for this type of serious complication.
In the present study, KIM-1 and HMGB-1 expression, two types of specific and sensitive biomarkers for the diagnosis of early kidney damage, were determined. HMGB1 contributed to the pathogenesis of several chronic inflammatory and autoimmune diseases, including kidney disease. HMGB1 mediated the inflammatory response upon binding to mediators of inflammation, such as Toll-like receptor-2 (TLR-2) or TLR-4 and activated additional proinflammatory cytokines release, such as TNF-α or IL-6. Another type of protein is KIM-1, a type 1 transmembrane tubular protein with an immunoglobulin and mucin domain, which is undetectable in normal kidneys, but is markedly induced in experimental renal injury. KIM-1 is associated with T-cell activation and immune response (27) and is also considered as a unique marker for diagnosis of early kidney damage with high sensitivity and specificity (28) (29) (30) (31) . In the present study, HMGB1 and KIM-1 expression were coincidental with renal function and pathological damage. When AKI was significant, KIM-1 and HMGB-1 expression was also increased; as DEX application ameliorated AKI, they were also decreased. These two proteins are good markers for AKI diagnosis, but more noteworthy, changes of KIM-1 and 
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HMGB-1 expression provided an indication that LPS-induced AKI was associated with an inflammatory reaction, as these two types of protein not only mediated the inflammatory response, but also promoted proinflammatory cytokines release. Thus, the function of the inflammatory reaction in AKI and whether the protective effect of DEX was associated with inflammatory reaction depression were explored. Fig. 4 showed that the representative inflammatory factors, IL-6, IL-18 and TNF-α, increased in the LPS-induced AKI group, which could be reversed by DEX application. As reported, the inflammatory reaction has always played an important role in the pathogenesis of AKI (32). Lu et al (33) reported that nine polymorphism genes are closely associated with AKI, including TNF-α and IL-6 in particular. A large number of studies illustrated these inflammatory factors not only lead to AKI, but also promoted it to become worse. As reported previously, IL-18 is mainly produced from macrophages, which can effectively predict the mortality of patients. Urinary IL-18 was significantly increased with 90% sensitivity and specificity in the diagnosis of AKI; thus, it can be used as a sensitive index of patients undergoing AKI (34); and more notably, IL-18 induced the expression of TNF-α and IL-6. This made the inflammatory reaction more serious and contributed to organ injuries (7) . In the present experiment, DEX application decreased these inflammatory factors and protected against LPS-induced AKI, which may be a useful therapy for AKI; however, the protective mechanism of DEX remains unclear.
DEX is a highly selective α-2-adrenergic receptor antagonist and effectively inhibited sympathetic activity widely. In recent years, investigators have found that DEX also played an important role in organ protection from numerous different aspects, such as anti-inflammation, oxidative stress inhibition or apoptosis regulation. Villela et al (35) reported that DEX protected against kidney damage through its diuretic effect. Other studies clarified that DEX decreased renal cell apoptosis through activating α-2 adrenoceptor and downregulating TLR4 expression (36) . DEX also had preventive effects on acute lung injury through mediating oxidative stress (37) . In the present study, DEX ameliorated LPS-induced AKI through reducing the levels of inflammatory factors, such as IL-6, IL-18 and TNF-α. Thus, DEX application was beneficial for kidney protection, particularly in sepsis.
When the unique α-2-adrenergic receptor antagonist, YOH, was used, the protective effect of DEX was counteracted and the inflammatory factors, IL-6, IL-18 and TNF-α, were reversed, suggesting that DEX protected against AKI through α-2-adrenergic receptor activation. α-2-adrenergic receptors are widely distributed in various tissues and organs, including the renal proximal tubule, collecting duct and microvascular system (38) . As reported previously, α-2-adrenergic receptor activation regulated the function of the sympathetic nerve and led to the cholinergic anti-inflammatory pathway, which downregulated different types of inflammatory factors (39, 40) . Other studies reported that α-2-adrenergic receptor activation inhibited Janus kinase/signal transducers and activators of transcription and TLR-4/nuclear factor-κB/mitogen-activated protein kinases signal pathways to exert anti-inflammatory effects (41) . These conclusions mean that DEX played an important role in anti-inflammation. Thus, DEX protected against LPS-induced AKI through α-2-adrenergic receptor activation, which decreased the inflammatory factors, IL-6, IL-18 and TNF-α.
